Birdsong is a culturally transmitted behavior that depends on a juvenile songbird's ability to imitate the song of an adult tutor. Neurobiological studies of birdsong can reveal how a complex form of imitative learning, which bears strong parallels to human speech learning, can be understood at the level of underlying circuit, cellular, and synaptic mechanisms. This review focuses on recent studies that illuminate the neurobiological mechanisms for singing and song learning.
Introduction to song learning
Juvenile songbirds learn to sing during a sensitive period comprising two sequential phases -sensory and sensorimotor learning -both dependent on auditory experience [1, 2] . During sensory learning, the juvenile listens to and memorizes one or more tutor songs. In the ensuing phase of sensorimotor learning, which may involve tens or even hundreds of thousands of song repetitions over many weeks, the juvenile uses auditory feedback to match its song to the memorized model. Two hallmarks of sensorimotor learning are high levels of acute (bout to bout) song variability and slower changes (i.e. plasticity) that render the juvenile's song increasingly similar to the memorized tutor song [3, 4] . Influenced by reinforcement learning theory, a popular though untested idea is that song variability is necessary to these slower adaptive changes. Sensorimotor learning ends with crystallization, wherein the song becomes highly stereotyped and less dependent on auditory feedback [5, 6] . In the adults of some species, including zebra and Society finches, song slowly deteriorates following deafening or exposure to distorted auditory feedback (DAF), indicating an ongoing role for feedback in song maintenance as well as an ongoing capacity for vocal plasticity [7] [8] [9] .
In addition to a potential role in song learning, variability is important to song's communication function. The song of an adult male zebra finch directed to a female is slightly less variable than the undirected songs it sings in isolation [10, 11] . Interestingly, female finches are more attracted to directed songs, even those produced by unfamiliar males, indicating they are sensitive to these very slight differences [12 ] . Practically, social effects on song afford neuroscientists a useful tool for probing neural mechanisms driving song variability.
Before delving into the neurobiology of singing and song learning, it is useful to consider what the juvenile songbird's brain must accomplish to successfully copy a tutor's song. One is to precisely control the peripheral vocalrespiratory apparatus. Another is to compare auditory feedback to the tutor song memory to detect vocal 'errors.' Finally, when errors are detected, the brain must generate an instructive signal that modifies song motor commands, subsequently minimizing these errors. A spate of recent studies provide an increasingly detailed description of the central mechanisms for singing and generating song variability, and have also begun to provide important clues about the link between variability and vocal plasticity. Moreover, recent advances have identified central substrates for auditory feedback and possibly for tutor song memories. These findings set the stage for understanding how these auditory representations are compared and used to adaptively modify song during sensorimotor learning.
Introduction to neural circuits for song
The songbird's brain contains a system of interconnected brain nuclei specialized for singing and song learning (i.e. the song system; Figure 1 ) [13, 14] . The song system comprises two major parts, a song motor pathway (SMP), which spans from the telencephalon to the brainstem vocal-respiratory network, and an anterior forebrain pathway (AFP) that traverses the telencephalon, striatum, and thalamus, and which resembles mammalian corticalbasal ganglia pathways [15] . Chronic recordings in singing birds reveal that SMP and AFP neurons exhibit timelocked singing-related activity that can increase before vocalization and that can persist following deafening, consistent with a motor origin [16, 17] . Lesions in the SMP abolish or permanently disrupt singing, indicating this pathway serves an essential song motor role [18] . Juvenile finches with lesions to the AFP output nucleus, LMAN, continue to sing, but their songs become less variable and appear to crystallize prematurely [19, 20] . Adult zebra finches with LMAN lesions produce crystallized songs normally, but their songs do not display context-dependent changes in variability and do not deteriorate following deafening [19, 21] . These findings suggest that the AFP functions similarly in juvenile and adult birds to enable both song variability and auditiondependent song plasticity.
Two anatomical features of the song system are especially noteworthy ( Figure 1A) . One is that the SMP and the AFP receive input from different populations of projection neurons in the telencephalic nucleus HVC (HVC RA and HVC X neurons), making it a common source for the singing-related activity that can be detected in both pathways. The other feature is that RA, which lies immediately downstream of HVC in the SMP, is the sole target of the AFP output nucleus LMAN. This arrangement suggests that RA is the site where the AFP influences song variability and plasticity. These anatomical features motivate intense interest in analyzing singingrelated activity in HVC and RA and understanding how song motor activity in RA is modulated by LMAN activity.
Song motor codes and central mechanisms for generating song variability
Current evidence places HVC at the apex of a song motor patterning network. Even though HVC receives input from several other song nuclei, HVC is the song nucleus most removed from the vocal periphery where neurons display time-locked singing-related activity and where lesions permanently disrupt song. What is the nature of the song motor code transmitted by HVC? A landmark study in singing zebra finches showed that individual HVC RA neurons fire only once per entire motif (a polysyllabic phrase that in zebra finches is the largest unit of song learning, 0.5-1 s in duration), then only very briefly (10 ms) and at very high frequency (400 Hz) [22] . In a single bird, different HVC RA neurons burst at different times during the motif and some cells even fired during silent gaps between syllables.
One model fostered by these findings posits that the entire ensemble of 40 000 HVC RA neurons acts as a high frequency (100 Hz) clock to encode song tempo. Although this idea is attractive, the electrophysiological data are insufficient to resolve whether this signal originates in HVC and whether it functions specifically to encode temporal features of song. Importantly, a recent study found that song tempo slowed when HVC was focally cooled with a small Peltier device, providing answers to these questions [23 ] . Rather remarkably, this effect was uniform from the millisecond timescale of individual notes to the second-long scale of the entire motif, including the silent gaps between syllables. This effect also was specific to timing with other song features, such as frequency and amplitude, remaining largely unchanged. Because focal cooling of HVC should affect the biophysical properties of the HVC Songbird neurobiology Mooney 655
Figure 1
The song system and ascending sensory and sensorimotor pathways. (A) The song motor pathway (SMP; red) and the anterior forebrain pathway (AFP; black) shown in a parasagittal view. The SMP arises from neurons in HVC (HVC RA neurons; HVC is used as a proper name) that project directly to the robust nucleus of the arcopallium (RA). RA axons terminate on motorneurons in the tracheosyringeal portion of the hypoglossal motor nucleus (XIIts) and on respiratory premotor neurons in the ventral respiratory group (VRG). The VRG comprises the nucleus retroambigualis (RAm), which controls expiration, and the nucleus parambigualis (PAm), which controls inspiration. RA axons also terminate in the dorsomedial intercollicular nucleus (DM) in the midbrain, which plays a role in call generation in birds. The AFP receives input from a population of HVC neurons (HVC X neurons), and from the midbrain ventral tegmental area (VTA). Area X provides inhibitory input to the medial nucleus of the dorsolateral thalamus (DLM), which in turn provides excitatory drive to the lateral portion of the magnocellular nucleus of the anterior nidopallium (LMAN). LMAN innervates area X and also the same RA neurons that receive input from HVC. Thus, the SMP and AFP arise from distinct pools of HVC projections neurons and innervate the same RA song premotor neurons. (B) Pathways that convey auditory and recurrent song motor information to HVC. Auditory information (blue arrows) is relayed from the cochlear nucleus (CN) indirectly to HVC through two pathways. One pathway includes the ventral portion of the lateral lemniscus (LLv) and the thalamic nucleus Uvaformis (Uva). Another pathway includes an indirect pathway (broken line) through the auditory hindbrain and midbrain (not shown) to the thalamic nucleus ovoidalis (Ov); axons from Ov terminate in the telencephalic area Field L, an analog of the mammalian auditory cortex. From Field L, activity is relayed through an interconnected network comprising the caudal medial nidopallium (NCM) and the caudal mesopallium (CM), which in turn projects directly to HVC and indirectly to HVC through the nucleus interfacialis (NIf). microcircuit without altering the timing of activity in HVC's afferents, these findings suggest that HVC plays a major role in generating timing signals for song. Nonetheless, pathways from brainstem SMP components to HVC ( Figure 1B ) are likely to trigger initiation or termination of syllables, because electrical stimulation in the brainstem can truncate and restart the motif [24] and because intersyllable durations are more variable than syllable durations [25] . An important future goal will be to define the cellular and circuit mechanisms that generate and propagate bursting activity in HVC RA neurons, and to understand how this activity is initiated and terminated to pattern song.
In contrast to HVC RA neurons, individual RA neurons burst up to 10 times per motif [26] , raising the possibility that a timing signal from HVC is transformed in RA into a signal more specifically correlated with acoustical features of the bird's song. However, the mean population activity in RA and mean spectral features of song are on average uncorrelated, indicating that different ensembles of RA neurons can contribute to similar sounds at different times in the motif [26] . Nonetheless, a recent study found that trial to trial variability in individual RA neurons can predict a significant portion of trial to trial acoustic variability in the bird's song [27] . Therefore, a plausible idea is that factors that drive variations in the firing patterns of ensembles of RA neurons could drive variable performance, a major attribute of sensorimotor learning.
In fact, numerous lines of evidence indicate that LMAN drives song variability. First, in juvenile birds engaged in sensorimotor learning, inactivating LMAN sharply reduces song variability [28] . Second, in adult male zebra finches, LMAN lesions abolish context-dependent changes in song variability, an effect attributable to reduced variability of undirected songs [21] . Third, singing-related activity in LMAN changes with social context [11] , with LMAN neurons displaying more variable spike timing and more frequent bursting during undirected singing [29, 30 ] . Fourth, spike timing variability and 'burstiness' in LMAN are highest during sensorimotor learning, when song variability also is most pronounced [28] . Fifth, the electrical stimulation in LMAN during singing can alter the acoustical features of the stimulated syllable [31] . Together, these findings suggest that variable LMAN firing patterns, especially variable bursting activities of LMAN neurons, drive song variability.
Current evidence also suggests a fast synaptic mechanism by which LMAN could affect RA firing patterns to modulate song variability. Terminals of LMAN and HVC axons commingle on dendrites of RA projections neurons, where LMAN synapses activate NMDA receptors and HVC synapses activate both AMPA and NMDA receptors [32] [33] [34] . When HVC RA and LMAN neurons fire together during singing, voltage-dependent blockade of NMDA receptors could be relieved, permitting LMAN inputs to contribute to postsynaptic depolarization of RA neurons. This arrangement may enable variably firing LMAN neurons to add 'noise' in a conditional manner to the motor signals from HVC, causing the singingrelated firing patterns of RA neurons -and thus song -to become more variable. In support of this view, studies in juvenile zebra finches show that inactivating LMAN reduces RA spike time variability and blocking NMDA receptors in RA immediately reduces bout to bout song variability [28, 35] .
One important goal is to clarify whether and how variability is linked to the slower adaptive changes that occur to song during sensorimotor learning. Although the findings that LMAN lesions reduce song variability and plasticity hint that these processes could be linked, a causal role for variability in sensorimotor learning remains speculative. Another important goal will be to determine the source and nature of instructive signals for song learning. More broadly, the finding that LMAN lesions prevent various forms of juvenile and adult song plasticity, including those triggered by disrupting auditory feedback, is consistent with the idea that LMAN transmits an instructive signal. Alternatively, LMAN could function permissively, enabling instructive signals arising from other sources to modify song motor commands at the level of RA.
Exciting new evidence suggests that LMAN can drive variability in a biased rather than purely random manner, consistent with an instructive role [36 ] . Crystallized songs of adult finches exhibit small levels of variability, for example in the pitch (i.e. fundamental frequency) of their syllables. When an adult finch is exposed to noise bursts whenever it sings higher pitch variants of a target syllable, it slowly (hours) shifts the syllable's pitch downward, subsequently reducing the probability that singing will trigger noise playback [37] . The initial expression of this adaptive shift depends on the AFP, because pharmacologically silencing LMAN causes the target syllable's pitch to immediately revert toward its original value [36 ] . This finding cannot exclude the possibility that LMAN functions permissively to gate a bias signal arising from another source (i.e. HVC). Nonetheless, LMAN neurons exhibit song premotor activity and electrically stimulating subregions of LMAN during singing alters the targeted syllable in a consistent way, suggesting LMAN can provide an instructive bias. A further unresolved issue is whether the mechanisms that enable adaptive pitch shifts in the adult birds are the same as those that enable juvenile sensorimotor learning. Therefore, an important goal will be to determine whether LMAN normally functions during sensorimotor learning to bias song in such a way to minimize the differences between auditory feedback and memorized tutor song.
The search for central representations of auditory feedback
Instructive signals for sensorimotor learning must ultimately arise from feedback-dependent performance evaluation. A parsimonious idea is that singing-related auditory feedback is processed by the AFP, enabling this pathway to evaluate performance and instructively modify song motor commands. In fact, recordings made in the AFP of anesthetized birds detect neurons that respond selectively to playback of the bird's own song, fueling speculation that the AFP receives feedbackrelated information [38] .
Despite the attractiveness of this idea, the singing-related activity of LMAN neurons appears to be insensitive to acute exposure to distorted auditory feedback (DAF) [39] , even though the chronic exposure to DAF triggers song plasticity. Although LMAN neurons do not convey a real time feedback signal, the auditory selectivity of LMAN neurons in adult finches can shift over days to weeks in response to chronic feedback perturbations, and this auditory plasticity manifests before the onset of vocal plasticity [40] . These findings hint that feedback signals may be processed at earlier stages of the AFP, and the resulting evaluation acts more slowly to influence LMAN activity. Testing this idea requires assessing whether the inputs to the AFP are sensitive to feedback perturbations.
Two major inputs to the earliest stage of the AFP (i.e. area X) are HVC and the midbrain ventral tegmental area (VTA) ( Figure 1A ). In mammals, certain dopaminergic VTA neurons are implicated in reinforcement learning [41] , raising speculation that they could serve a similar function in songbirds to facilitate sensorimotor learning. Interestingly, in adult male zebra finches, singing-related activity of VTA neurons changes with social context [42] , raising the possibility that the VTA could influence song variability through its connections with area X. If VTA neurons also receive information evaluating song performance, then they may provide a means of reinforcing certain patterns of variability in the AFP, resulting in a biased (i.e. instructive) variability signal. Therefore, an important goal of future studies will be to determine whether VTA neurons process feedback and/or encode information about vocal errors.
Although a possible role for the VTA in song learning is an intriguing idea, a major source of auditory and singingrelated information to the AFP is HVC, making AFPprojecting HVC neurons (i.e. HVC X cells) a logical place to search for feedback signals. However, experiments combining chronic recordings and DAF in both juvenile and adult songbirds indicate that the singing-related activity of HVC X neurons is insensitive to acute feedback perturbation [43 ,44] . Apparently, HVC sends an efference copy to the AFP of the song motor commands it transmits to RA. Indeed, HVC RA neurons make monosynaptic and disynaptic connections with HVC X cells [45] , providing a substrate for relaying an efference copy to the AFP.
A recent study sheds further light on the nature of this efference copy. Chronic recordings from HVC X cells in both adult swamp sparrows and Society finches show that some of these neurons display similar patterns of activity when the bird sings its song or passively listens to it through a speaker [43 ] . The precise sensorimotor correspondence displayed by HVC X cells is reminiscent of 'mirror neurons' in frontal regions of the monkey cortex, which are hypothesized to facilitate mimicry and communication [46, 47] . Indeed, as hypothesized for mirror neurons in monkeys, the sensory properties of these HVC X mirror neurons are tightly linked to song perception [48 ] . One interesting idea is that this sensorimotor correspondence enables the motor-related activity of HVC X cells to be compared to the actual feedback signal, thus facilitating the detection of vocal errors. If this model is correct, then neurons that receive synaptic input from HVC X cells and that also respond to auditory feedback could make such comparisons. Alternatively, HVC X mirror neurons could be a site of comparison, but in the adult birds in which they were detected, the feedback signals they receive may be overwhelmed by song motor-related signals, an arrangement that may favor song stability. Complete resolution of these issues will require testing feedback sensitivity of HVC X cells at the earliest stages of sensorimotor learning, when song is most sensitive to feedback perturbation.
The songbird hears its song only when it sings, so performance evaluation requires neurons that respond in real time to vocalization-related auditory feedback. Two recent studies have identified such neurons [49 ,50 ] . One of these reported that DAF could slightly and transiently suppress singing-related multiunit activity in HVC of adult Society finches, providing the first clue that auditory feedback may be processed in the song system [51] . Because multiunit recordings in HVC are thought to represent interneuron activity, this finding suggests several circuit mechanisms by which feedback could affect song. First, some HVC X cells receive inhibitory synaptic input from interneurons and excitatory input from HVC RA cells [45] , which could enable HVC X cells to compare a real time feedback signal with motorrelated signals. Alternatively or additionally, interneurons could compare real and predicted feedback signals, because they receive excitatory input from both extrinsic auditory sources and from HVC X cells [45, 52] . Finally, some HVC interneurons make synaptic connections onto HVC RA cells, providing a route via which feedback could directly influence song motor commands [45] .
Another recent report described feedback-sensitive neurons in Field L and CLM [50 ] , avian analogs to mammalian primary and secondary auditory cortices, respectively. These neurons could be divided into three functional classes: first, neurons with similar patterns of activity during singing and song playback, and in which singing-related activity was sensitive to DAF; second, neurons showing similar patterns of activity during singing and song playback and that were insensitive to DAF; and third, a rarer type was largely inactive except when singing-related feedback was disrupted. The authors raise the interesting idea that these three cell types reflect components of a circuit that combines a feedback representation with a motor-based predictive signal to generate signals for error correction. To move beyond speculation, however, it will be necessary to determine whether these cell types functionally interact with one another to detect vocal errors and whether the third cell type provides input to the song system, providing a means for it to influence song. One hint that these cells could influence singing is the finding that some neurons in CLM provide an important source of auditory input to HVC [53] . More generally, an important goal will be to assess whether the activity of these or other feedback-sensitive neurons is harnessed for sensorimotor learning. As a first step toward this goal, it would be useful to determine whether disrupting the singing-related activity of feedback-sensitive neurons, perhaps through the use of singing-triggered microstimulation, can trigger song plasticity.
The search for central representations of tutor song memories
How and where tutor song memories might be encoded in the juvenile's brain remains a matter of debate. Two lines of evidence have implicated the AFP: first, when NMDA receptors in LMAN of juvenile zebra finches are transiently blocked during tutoring, copying is subsequently impaired [54] ; second, recordings in anesthetized zebra finches during sensorimotor learning detect some LMAN neurons that are selective for the tutor's song [55] . Intriguingly, some tutor-selective cells could be detected even in juvenile birds with severed vocal nerves [56] . Because this manipulation makes the bird's song very different from the tutor song, these tutor-selective cells may encode a tutor song memory. Nonetheless, the absence of a robust and persistent tutor representation in the song system has motivated an expanded search in regions of the auditory telencephalon, particularly NCM, an area broadly implicated in auditory plasticity [57] . Notably, IEG expression levels in NCM correlate with how well the bird copied the tutor song [58] [59] [60] and NCM neuronal firing rates in adult finches habituate more slowly to playback of tutor song than to novel songs, with the slowest habituation rates for those tutor songs copied most accurately [61] . Thus various lines evidence support localization either within or outside the song system.
Two recent findings may further inform this debate [62 ,63 ] . First, reversibly blocking mitogen-activated protein kinase/extracellular signal-regulated kinase (MEK) signaling in NCM in juvenile zebra finches during, but not after tutoring, was found to impair copying [62 ] . Although the electrophysiological consequences in NCM of such treatment were not characterized, studies in other systems hint that interfering with MEK signaling selectively impacts synaptic plasticity important to memory formation, rather than interfering with basal synaptic transmission [64] . Second, chronic recordings of sleeprelated activity in the RA of juvenile finches revealed a sharp increase in bursting activity in the first night after their exposure to a tutor song [63 ] . Intriguingly, bursting in RA increased before vocal evidence of imitation and RA neurons in different birds exposed to the same tutor song displayed similar patterns of bursting activity. However, the emergence of bursting activity could be delayed using muting or noise-masking, suggesting that this functional change depends on an instructive interaction between the tutor memory and the song motor network. These findings suggest a scenario where the effects of tutor song experience propagate rapidly from the auditory telencephalon into the song system as soon as feedback is compared to the tutor song memory.
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